Chapter 2
Chiral EW Lagrangian

The ATLAS and CMS collaborations at LHC have found a new boson compatible
with the SM Higgs [1, 2], with a mass of nearly.' M;, ~ 125 GeV. Furthermore,
the most probable J ¥ quantum numbers are 0, and couplings with other particles
are in agreement with the SM Higgs, although with moderate precision. Moreover,
there is a mass gap for the presence of new physics [5-7] until an energy of about
600-700 GeV, or even higher for the presence of new vector resonances.

However, the data is still compatible with either an elementary or a composite
Higgs: this last possibility will be considered in this work. The mass gap between the
My, Mz and M}, masses, all of O (100 GeV), and the new physics scale (if there is one
within reach), suggests that the Higgs boson and the would-be Goldstone bosons w™
and z could be (pseudo) Goldstone Boson [8—15], related with a global spontaneous
symmetry breaking extending the SU (2);, x SU (2)g — SU (2) g global symmetry
breaking of the SM. There are several models with specific implementations for the
relevant global symmetry breaking pattern: the (Minimal) Composite Higgs Model
based on the coset SO(5)/SO(4) [16-19], dilaton models [20, 21] and others [22].

The old electroweak chiral Lagrangian (ECL) [23-40], based on standard chiral
perturbation theory (ChPT) of QCD [41—44], assumed a Higgsless model, but solved
the problems that the Higgs was intended for by supposing a strongly interacting
regime for the EWSBS instead. In view that the / has been found, it can be extended to
include the new Higgs-like particle found at the LHC (refs. [45-56]). One of the goals
of this work will be to expose this extension, considering non-linear Electroweak
Chiral Lagrangians as a low-energy (My, M, < /s < 3 TeV) parameterization of
the new physics at the TeV scale.

TMATLAS = 1255 £ 0.6GeV and MMS = 125.7 + 0.4 GeV, according to [3] and [4], respec-
tively.
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2.1 Equivalence Theorem

To simplify the computations, we will make use of the Equivalence Theorem
(ET) [57-60], which states that, in the regime s > M?, M2, M2 ~ (100 GeV)?, we
can identify the longitudinal modes of gauge bosons with the would-be Goldstones?
(R¢ gauge). For example,

M
T(WiW? — WEW?) = T ('’ - w'w?) + 0 (7‘”) , 2.1)
S

where T stands for the corresponding scattering amplitude. In fact, this theorem can
be interpreted as if, at sufficiently large energies, the symmetry SU(2), x U(1)y
was not spontaneously broken, so that the three would-be Goldstones coming from
the broken SU (2), x U(1)y were directly observable as scalar physical particles,
which indeed would correspond to the longitudinal modes of the gauge bosons. So,
the non-gauged (but with the broken symmetry SU (2), x U (1)y) Lagrangian can be
used directly to compute the scattering amplitudes. At lower energies, these would-be
Goldstones give rise to the longitudinal modes of gauge bosons through a rotation in
the coordinates (gauge), according to the Higgs mechanism explained, for instance,
in Ref. [61] and Sect. 1.

Let us illustrate the application of the ET. We will compare the (exact) tree level
computation and the Equivalence Theorem for WW and Z Z scattering on the SM,
which can be found in Refs. [62, 63]. The complete SM tree level matrix element
for WL+WL_ — HH is

2 2 2
g M? 3M? 2( 1 1 )}
A= —h 114 +M +
4—(1—4M5V/s)[M3V[ s—M} P\ —M T u— M3,

OM? M: 3M?
+2(1— h 4= W1+ L
|: s—M,f s s—M}f

+2 2M? —AM2, + SMéV ! + ! (2.2)
s — - — , .
h W s t— M‘%V u— M%V

whereas, for the ET wtw™ — HH,
2 M 3M? 1 1
A=Yy TTh o} -+ >
4 MW S—Mh t—MW u—MW

1 1
+2|:1+(S—M,%)(t_M2 +u_M2 )”
w w

(2.3)

2See app. D.5 for a brief historical review about the discussion concerning the hypothesis of the
ET.
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Fig. 2.1 Comparison between the full LO scattering amplitude for ww — hh (Eq. 2.2 and green

dashed line on the plot) and that computed though the equivalence theorem (Eq. 2.3 and red solid
line on the plot). See Ref. [62, 63] for the computation. x = cos = 0.3

Both Eqgs. 2.2 and 2.3, can be evaluated for certain values of the scattering angle 6
and s. According to the Equivalence Theorem, both results should converge in the
limit (M%V /s) = 0. In order to recover u = u(s, 8) and t = t(s, 6) as a function of
the scattering angle 6 and the squared center of mass energy s, see the expressions
of appendix A.

In collaboration with Prof. Stefano Moretti (University of Southampton), we have
tested the equivalence theorem in this way (see Fig. 2.1). The aim of this test was to
cross-check a modified version of the Monte Carlo (MC) program MadGraph [64].
According to this experience, when dealing with expressions from other authors or
Monte Carlo (MC) programs, it is crucial that both the masses and the coupling
are compatible. Sometimes, the Monte Carlo program accepts masses and couplings
separately, without ensuring compatibility. Or you can develop a program for gener-
ating points in the phase space that, of course, will take the masses of gauge bosons
as an input. It can also happen that the MC program uses the so-called Complex

Mass Scheme, which would also require to modify the couplings. The fact is that the
cancellation between diagrams which leads to a weakly interacting EWSBS on the
SM can be very easily spoiled at TeV energies because of using incompatible values

for the constants. Thus, the set of numerical values of the LO couplings should verify,
with high precision, the well-known SM relations.?

3See, for instance, Ref. [65] or [61].
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2.2 The Chiral Lagrangian and Its Parameterizations

In Ref. [66] we present the effective Lagrangian describing the low-energy dynam-
ics of four light modes: three would-be Goldstone Bosons w® (WBGBs) and the
Higgs-like particle* 4. This model is valid for the energy range M;, My, M, ~
(100GeV)? « s « 4mv ~ 3TeV. The effective Lagrangian is

1)2

=2

1
2 g(h/f)Tr[(DuU)TD“’U] + Eauh@"’h — V(h), (2.4)

where v = 246 GeV is the SM Higgs-doublet vacuum expectation value; f, a new
dynamical energy scale; and g(x), an arbitrary analytical funtion of the scalar field,

g(h/f)z1+§:gn(ﬁ)n:1+2aﬁ+ﬂ(ﬁ)2+... (2.5)
n=1 f f f

Instead of using a power expansion over 1/ f, we could also choose 1/v, v being the
vacuum expectation value,

h n\>

V is an arbitrary analytical potential for the scalar field,
V(h) = Z,(; Vi = Vo + —th? + Z;Ah 2.7)

U is a field taking values in the SU (2) coset. In this work, unless otherwise stated,
we will use the so-called spherical parameterization,

.
U=\1-2+i%, 2.8)
) 1))

w = w,T* being the would-be Goldstone bosons (WBGB) field and 79, the Pauli
matrices. Note the presence of the non-linear term /1 — (@?/v?). This is the main
difference from linear approaches like [45-56].

The covariant derivative of the U field (Eq. 2.8) is defined as

DU =3d,U +iW,U —iUB,, (2.9)

where

4 Also called ¢ in some early works like [66].
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w

W, = ng%, B, =g¢B, = (2.10a)

/
I
W, =0, W, —,W, +i[W,, W,], B,, =d,B, —d,B,. (2.10b)

We follow the chiral counting of refs. [38, 41, 53]. Alonso et al. [51] have also
studied the counting of Electroweak Chiral Lagrangians, but from a different point
of view. Note that the chiral counting which we use is explained in detail in our
Ref. [67], and is applied only once the approximation M2, M3,, M2 < s is taken
into account.

Anyway, the ‘chiral counting’ involves organizing the invariant terms of the Ef-
fective Lagrangian by means of their chiral dimension. That is, a term £, with chiral
dimension d will contribute to O(p?) in the corresponding power momentum ex-
pansion. The derivatives and the masses of the dynamical particles (when they are
not neglected) are considered as soft scales of the Effective Theory, of order O(p).
To sum up,

8#9 MWs MZa Mh ~ 0(p) (2113)
DU, V,, ¢vT, W,, B, ~ O(p) (2.11b)
W, By ~ O(p?) (2.11¢)

The parameters a and b can be adjusted to fit different theoretical models, and the
NLO parameters will depend on the renormalization of the underlying theory. For
instance,

e a =b=0...c..ciiii Higgsless ECL (ruled out) [23, 25, 26],
o a’=b= 12 ............... T EERETTTTTEEIPPPPPPPPPPR RS SM,
cd’=1-Y%,b=1- zf— ........................ SO(5)/S0(4) MCHM [16-19],
ed?=b= f—i .......................................................... Dilaton [20, 21].

There is no strong direct limit over the b parameter, because of the difficulty of
measuring a 2-Higgs state. However, an indirect limit arises because of the coupling
between the hh decay and the elastic ww scattering, as we will show later (see
Ref. [68]). The direct limit over the a parameter, at a confidence level of 20 (x95%),
is

© CMS [70] i e e e ae (0.87, 1.14)
© ATLAS [69] oot a € (0.96, 1.34)
e Fitof Buchallaetal. [71] .....coiiiiiiiiiii a € (0.80, 1.16)

The actual experimental results are shown in Fig. 2.2. Anyway, note that these limits
are continuously improving, because of the LHC data reanalysis. Reference [71]
uses the computer code Lilith-1.1.3 [72] for constraining the Effective Lagrangian.
Giardino, in his Ph.D. Thesis [73], studied in detail the LHC constraints over a huge
range of SM extensions, including the a parameter. We quote it though the situation
is changing quickly.
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Fig. 2.2 From fop to bottom, bounds over the @ = ky and kr coming from ATLAS ([69]; repro-
duced under the CC-BY-3.0 license) and CMS ([70]; reproduced under the CC-BY-4.0 license)

Now, let us consider the U(w®) coset. Since U(w®) € SUR), x SUQR)g/
SU(2)1+r, it must be of the form

iwr?

U= + + OW?), (2.12)

v

whatever the non-linear term is. So, the covariant derivative can be expanded as [67]

10w, ; !
DU =" iy il (2.13)
v 2 2
However, specifying the parameterization of the U € SU(2) coset is necessary,
since the non-linear terms will depend on it. One of the most usual elections is the
exponential parameterization,

U(x) =exp (lTaﬁTa(x)) s (2.14)
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7% (a = 1, 2, 3) being the Pauli matrices.> Working with this expression,
3. inler? . 7 a.a
v= (" (%1) —i;l%sm ) T o (%) = cos (E)—i—iT " sin (E),
S sin () cos (§) — i sin () o/ 0
(2.15)
= m%m“. With this parameterization, it can be checked that, as expected,

where 72

UeSURQ)=U . U=U-U'= (2.16)

Only if we can neglect both the masses of Goldstone modes and couplings with
longitudinal modes (ET limit, M%V < §), then D* = 0" in Eq. 2.13. Otherwise,
some of the couplings with W and B fields in Eq. 2.13 must we kept. Anyway,

A? (40°m?B — Av?) 7
T 4 _ :
Tr[0,U" - 0"U| = i i sin —, (2.17)
where
72 = mr (2.18a)
A = (0,7 =4 (n*7"0, 70" 7") (2.18b)
B = 0,m“0"r". (2.18¢)

Thus, Tr(9,U" - 9"U) can be expressed as

2 2 a.b ab
T [0,U" - 0"U] = = [”— sin? © (5ab - l) + %} B o't (2.19)
D Y

02 | w2 w2

However, as explained in [67], this is a good option for QCD Chiral Perturbation
Theory (ChPT), where the SU (3) coset is studied [41-44]. But we are dealing with
an SU(2) coset, which is isomorphic to S3. Unless otherwise stated, the so-called
spherical parameterization will be used (see Eq. 2.8), since computations in this
basis are much simpler for the particular case of the SU (2) coset. Note the notation
change between Eqs. 2.8 and 2.14 (7 < w“) in order to distinguish these two
parameterizations. According to Eq. 2.15, we can change the parameterization by
using

T a4

Tirt o w2 TW(x) Wt o
sin—= /1l - — +i——— = — = —sin—.
v T v v v v T

U= cos—+i
0
(2.20)

By expanding this result,

wa:ﬂ_a|:1_é(§)2+1_;’()(§)4_ﬁ(g)6+...1|. 2.21)

SEinstein’s sum convention will be used unless otherwise stated.
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Let us study the spherical basis. If Eq. 2.8 is expanded,

1— W_i + iw iw'+w?
U = V v v v ) (2.22)

- . 2 .
iw! —w? w? iw’

v 0?2 v

Equation 2.16 can be also checked within the spherical parameterization (Eq. 2.22).
Now, computations are much simpler than with the exponential parameterization.
For instance,

wrwb

. 2
Tr [8/,(]; . ang] = 1)_2 I:(Sab + m} 8/,w“3#wb (223)

For these fields (w?, a = 1, 2, 3) the spherical (or charge) basis is introduced,

102
L W Fiw 0 3
=, w =w’, (2.24)
V2
which also implies
W =2wTw™ + %P (2.25)

The same definition can be carried over to 7+ and 7°, which belongs to the exponential
parameterization. On our Ref. [67], we studied these two parameterizations (spherical
and exponential), for v scattering. As expected, the physical S-matrix elements are
identical (in terms of w“ and 7“, respectively). However, the intermediate results
(i.e., the Feynman diagrams) are different.

According to the Equivalence Theorem (Sect. 2.1), if they are part of the physical
initial or final states, and we have a high /s > My (center of mass energy), the
wt, W0 (or 7%, 1) can be identified with the longitudinal polarizations of gauge
bosons W* and Z, up to an error O(My /+/s). The possible differences between
parameterizations will be suppressed by a factor O(My /+/s). In the particular case
of our Ref. [67], since we consider My, M;, = 0, these differences cancel.

2.2.1 WBGB Scattering

In Ref. [74] we reported the one-loop computation for the ww — ww, ww — hh
and hh — hh processes. Here we expand the discussion. Since we are working with
an effective (non-renormalizable) theory, the following counterterms are needed in
order to renormalize the scattering amplitudes,
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Ly = ag[Te(V V)IITe(VEV)] + as[Te(V, VIO Te(V, V)] + %(%waﬂwy

1) 4
+P(8/1,<;00N99)Tr[(DI/U) kDDU] + 7(0/1908V‘10)Tr[(DNU) D,U] + -
(2.26)

where V,, = (DMU)UT. The WuU and Uéﬂ terms of Eq. 2.13 are neglected, so
that D, U = 0,U. This approximation is valid because we are in the Equivalence
Theorem regime (Sect. 2.1) and we are dealing with couplings to neither photons
nor transverse modes of gauge bosons. The spherical parameterization (see Egs. 2.8
and 2.22) is used.

In subsequent work [68, 75] we changed the notation in Eq. 2.26, in order to adopt
a recently agreed-upon standard. Thus, from now on, the next expressions will be
used [67, 75]:

2
1
Lo = DZ]-'(h)Tr[(DuU)TD”U] + 50uh9"h =V (h) 2.27)

Ly = ay[Te(V, V)ITE(VAV)] + as[Te(V, VA TE(V, V?)] + %(aﬂhaﬂhﬁ

d
+—(8,h0")Te[(D,U) D'U] + %(tha”h)Tr[(D“U)TDDU] +---
1) 1)

(2.28)
h n\*
]—'(h)=1+2a—+b -) +-- (2.29)
[
V(h) = ZVh”_V+1M2h2+d hh3+d hh4+ . (2.30)
20 20 :

n=0

If we choose the spherical parameterization, according to [74, 75] and as follows
from Eqs. 2.27 and 2.28, the NLO phenomenological Lagrangian for the WBGB
scattering can be written as

wiw?

1 1
£ = SF ()9, 0" (5a,, + —2) + 50uh0"h

4615

4614
O W OF Wl Y Wb + —a,,w“aﬂw“a,wba”w”

+—
04

((9,Lh8”h)2+—8,,h8”hc’9yw“8”w“+ = 0,h0"h W D, (231)

Note that we have neglected the Higgs mass and self-couplings which appear on the
potential V (k) that was defined in Eq. 2.30. This is valid on the regime M), < /s, and
provided that the strong dynamics is not triggered by unnaturally high d; self-coupling
parameters. There are direct experimental constraints over a4 and as parameters (Fig.
2.3). But not over g, d and e because of the difficulty of measuring a 2-Higgs state.
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Fig. 2.3 Direct constraint over the a4 and as parameters coming from ATLAS [76]. The constraint
of CMS [77] are given in terms of the Fgg /A* and Fy; / A4 parameters, which have no direct
translation to the a4 and as ones [78]. Figure reproduced from Ref. [76] under the CC-BY-3.0
license.

2.2.2 Coupling with ~v~

The effective Lagrangian (with the corresponding NLO counterterms) of Eq. 2.31
is valid provided that only interactions between WBGBs are taken into account.
According to the Equivalence Theorem (Sect. 2.1), these WBGBs can be identified
with the longitudinal modes of gauge bosons (W* and Z) and the Higgs-like scalar
(H), as long as the CM energy is /s > M}, M3,, M2 ~ (100 GeV)?. Thus, for the
processes vy — zz and vy — wtw™, aditional terms involving the photon field
must be introduced.

First of all, we can now not turn Eq. 2.13 into D,U = 0, U as in earlier works
on the strong sector alone, because the couplings with the photon field A come from
the couplings with W/u/ and é/w in Eq. 2.13, once a rotation to the physical basis is
performed,

cy h

h ~ . PN
- CW;W#VWW —cp—B,,B" = _E;eZA#VAW +ee (2.32)

S|

where W and B are defined in Eq. 2.10a and 2.10b. Thus, the O(p?) Lagrangian [67]
is, for the exponential parameterization,
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1 1
Lo(m, h,7y) = Ea,thauh + E;f(h)(zamﬁaﬂw— + 9, 7°0"7°)

1
+@}"(h) (@t 7™ + 7t 0,m + 7°9,7°)
—772(2(9M7T+8“7r_ + 8;17708“770)]
2
+ieF(WA"Quntn” — 9y 7)1 - T
3p2
2

+ERF () A, Al (1 _ 3%) . (2.33)

And, for the spherical one,

1 1
Lo(w, h,7) = 50,h0"h + Ef(h)(zauwmum + 9,w°0"wW")

1
+m_7:(h)(5ﬂw+w_ +wtdw™ + woaﬂwo)z
+ieF(h) A" O wtw™ —wTo,w™) + 2 F(h)A,A'wTw™.  (2.34)

In both cases, F(h) = 1 +2a(h/v) + b(h/v)?, as defined in Eq. 2.29. Furthermore,
the next NLO extra counterterms are needed,

Ly =aiTt(UB,, U'W") +iayTr(UB,, U [V*, V1) — ias Te(W,,, [VF, V")),
(2.35)

besides those required for the WBGBs scattering: a4, as, g, d and e (see Eq.2.28).
As for existing constraints on parameter values, Ref. [72] quotes a constraint on
the ¢, parameter, coming from LHC data. At a confidence level of 20, ¢, €
(—0.98, 0.50)/1672. Note the 1/167 factor, which comes from the normalization of
Ref. [72]. On the ay, a, and a3 parameters, there are only weaker constraints based on
electroweak precision observables from LEP and purely SM one-loop calculations.
See Ref. [79] for a review of such constraints. To sum up, a; = (1.0 £ 0.7) x 1073,
a, € (—0.26, 0.26), az € (—0.10, 0.04). However, these constraints are highly
model dependent.

2.2.3 Coupling with tt

The effective Lagrangian of Eq2.31 models scattering processes between particles of
the Electroweak Symmetry Breaking Sector. Thus, if we want to consider scattering
processes between massive fermions, more terms (the so-called Yukawa sector) are
required. Thus, as exposed in our Ref. [80], the considered effective Lagrangian is

2 0 - -
L= sz (WTr[(DLU)' DHUT+ %aﬂhﬁ“h —V()+iQ0Q —vG(M[Q} UH Qg +h.c.]. (2.36)



26 2 Chiral EW Lagrangian

In the Yukawa sector of Eq. 2.36, the quark doublets are

, (U
0 = (D,), (2.37)

where the two Q entries are made of the different up and down quark sectors
U = (u,c,ty, D' =(,s,b). (2.38)

and the Yukawa-coupling matrix has the following form

_(Hy 0
Hp = ( 0 HD)‘ (2.39)

This matrix can be diagonalized by tranforming independently the right and left
handed up and down quarks as:

Drr = VD] ks Upr = VU] g (2.40)

where VLL{ ’RD are four 3 x 3 unitary matrices. Thus, the Yukawa part of the Lagrangian
can be written as

2 _ i 0 _
Ly = —G(h) [,/1 — 2 (UMyU + DMpD) + == [UMy~U — DMpy°D)
Y] [
i 2wt
0

+ (UL VexkuMpDgr — UrMyVekuDy)

i\/zw’

1]

+ (ﬁL Vi yyMully — DxMp ngMuL) } , 2.41)

where (Eq. 2.24) w* = (W' F iw?)/v/2, w* = w’ and the new quark fields are
mass eigenstates, with My and Mp being the corresponding diagonal and real mass
matrices. Vegy = VLU VLDT is the Cabibbo-Kobayashi-Maskawa matrix. For the case
of the heaviest quark generation (the only relevant for this work), the matrix element
Vi» has been ommited since it is very close to unity. Hence, we have the effective
Yukawa sector

2 _ 40 _
Ly = —G(h) [,/1 - % (MytF + Mybb) + % (M,t‘ﬁ - MbbWSb)

i/2wT - - iv2w™
\/; (Mbl‘LbR - Mtl‘RbL) + \/;

+

(Mtl;Ll‘R — Mbl;Rl‘L) .

(2.42)
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As can be seen, the different couplings of the left and right chiral parts of top and
bottom quarks are an effect of custodial symmetry breaking. The F and G appearing
in the Lagrangian (Eq. 2.36) are arbitrary analytical functions on the Higgs field 4.
F(h) is as defined in Eq. 2.29 above, F(h) = 1 + 2a(h/v) + b(h/v)?, whereas the

new G(h) is ,

h h
ghy=14+ca-+c—5+ (2.43)
)] )]

For the computations presented in this work these functions are only needed up to
the quartic terms O(h*). Also we will consider the limit of massless botton quark
(M, = 0). Then we get the Yukawa Lagrangian:

2 i )0 ; + ;

_ _ 2 _ 2 -

Ly = —G(h) {(1 - %) M;tt + ﬂM,m t— V2w M;trby, + V2w M,bLtR} ,
0 D D D

(2.44)

where we have kept only the would-be Goldstone boson fields up to order w? =
2wtw™ 4 (W°)? (Eq. 2.25). Finally, the relevant Lagrangian for ww — 7 process in
the regime® M7 /v? <« M?/v* < s/v? is given by

2 o iV2u0 iV2wt iV2w™ -
£=—Gh) [(1 udil )M,tt—i—lfw M,wt—lfw Miigbr + Y2 M,bytx
D

202 v v

WaWh

1 1
+ 3 F )3, 0y (&m 4 ) + 300" h. (2.45)

02
Reference [71] also gives a direct constraint ¢; € (1.15, 1.53), at 2o0-confidence
level. The one-loop divergences appearing in the ww and hh scattering amplitudes
can be absorbed in the GB four-derivative and the following two-derivative top antitop
couplings

4614 4a5
Ly = — 9w 0,0 0" 0" + — 0,0 0" O’ 0 W
1] 1]

2d 2e g 2
—0,hd"h0,w* 0" w* + —39,hd"hd'w0,w* + = (0,h0"h
+D4 1 w W'+ 1)4 n w W'+ 1)4 ( [ )

M _ M, _
+gt7’auwaaﬂwbn + g;fjaﬂhaﬂhtt. (2.46)
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